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Abstract

Inadvertent soil ingestion, especially by young children, can be an important route of exposure for many environmental
contaminants. The introduction of exterior soil into the interior environment is a significant element of the exposure pathway. The
unintentional collection of outside soil on footwear followed by subsequent deposition indoors is a principal route of soil ingress.
Here we have investigated likely rates of dry and wet soil deposition on indoor hard surface flooring as a result of mass transfer
from soiled footwear. In this pilot study, testing involved both single frack-in events (with deposition resulting from a single
progression of transfer steps) and multiple tracking actions (with deposition and dispersion resulting from repeated transfer steps).
Based on soil mass recovery from the floor surface it was found that any contamination introduced by one-time track-in events was
of limited spatial extent. In contrast, under repeated tracking conditions, with multiple soil incursions, widespread floor surface
contamination was possible. Soil mass recovery was accomplished by brushing, by vacuum cleaner removal and by wet wiping.
All the clean-up methods operated imperfectly and failed to remove all initially deposited soil. The level of floor surface soiling that
resulted from the track-in tests, and the incomplete clean-up strongly suggest that under unrestricted transfer conditions rapid
accumulation and dispersal of soil on indoor flooring is likely.
© 2006 Elsevier B.V. All rights reserved.
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able importance (Roberts and Dickey, 1995). Inadvertent
ingestion of indoor dust by children through hand-to-
mouth activity or inhalation following mechanical re-

1. Introduction

Indoor floor dust is a heterogeneous melange of or-

ganic and inorganic particulate matter (USEPA, 1997).
This medium is composed of matetial that is derived
from a variety of interior and exterior sources (Butte and
Heinzow, 2002). From a human health exposure per-
spective, the presence of hazardous materials in indoor
dust (e.g., heavy metals, pesticides) can be of consider-
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suspension can be important routes of exposure.

A recognized common constant process by which
indoor floor dust mass is accumulated is by mechanical
transport (e.g., on footwear) of outdoor dust and soil
(Fry etal., 1985; Cannell etal., 1987; Allott etal., 1994).
A substantial fraction of indoor dust can be derived from
outdoor soil. Estimates of the exterior soil contributions
have been proposed in the ranges from 20-30% (Davies
et al,, 1985; Culbard et al., 1988; Rutz et al., 1997), to
30-45% (Fergusson and Kim, 1991; Trowbridge and
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Burmaster, 1997), and the United States Environmental
Protection Agency (USEPA, 1994) uses (for modeling
purposes) a default mass fraction of soil in indoor dust
of 70% (Msp=0.7). It has, however, been estimated that
as much as 85% of indoor dust is from outside the home
(Roberts et al., 1991). Such a contribution to indoor dust
is important because soil and dust ingestion is common
among  young children. Daily intake is likely to be
between 39 mg/day and 271 mg/day with an average of
138 mg/day, and 193 mg/day for soil and dust ingestion
(USEPA, 2004). Exposure of this magnitude is of con-
cern where outdoor soil and dust can be a vector for
outdoor contaminants (Paustenbach et al., 1997). The
introduction into the indoor environment of herbicides
and pesticides applied outdoors is well recognized (Lewis
et al., 1994, Nishioka et al,, 1999, Lewis and Nishioka,
1999). Similarly, correlations between outdoor soil and:
indoor dust lead (Pb) levels (e.g., Thomton et al., 1990)
are strongly suggestive of indoor transfer of metals in
" soils. The National Survey of Lead-Based Paint in
Housing in the United States demonstrated that exterior
soil Pb contributes (statistically) to indoor floor dust lead
(USEPA, 1993). The importance of the relationship be-
tween outdoor soil, indoor dust and Children’s blood Pb
levels has also been amply documented in many epide-
miologic studies (see Lanphear et al., 1998). The Pb
contamination exposure pathway from soil to indoor dust
has been documented through the application of structural
equation models (Marcus and Elias, 1995), that have

demonstrated that soil lead operating through dust Pb or -

dust on children’s hands is an indirect influence of child-
ren’s blood Pb at various sites (Succop et al., 1998).
Measured reductions in indoor dust Pb levels following
efforts to remove and control outdoor soil and dust Pb
further demonstrate the importance of the track-in of
metal contaminants (e.g., Von Lindern et al., 2003), as do
reductions in pediatric blood Pb levels following outdoor
soil abatement accompanied by a marked decrease in
house dust Pb (Aschengrau et al., 1994).

Integral to assessments of the exposure threat posed by
contaminated indoor dust derived from outdoor sources
are questions relating to the degree and rate of mechanical
incursion, residence time of deposited dust, and rates of
removal. In this study we examine the fate of exterior soil
tracked into the indoor environment. The focus is largely
on initial indoor incursions. The interface between the
exterior and the interior environment is an important one as
it usually marks a rapid transition from one set of surface
conditions outdoors (e.g., frequently heterogeneous and
unconsolidated) to a quite different set indoors (e.g., ho-
mogenous and fixed with generally a different surface
roughness). Concomitant with such abrupt change is an

expected interruption in transport processes. Resulting
failure of continued mass transport presents the possibility
of rapid deposition and contamination. To investigate this,
we conducted a pilot study comprised of a number of
experiments aimed at assessing the likely rates of small-
scale indoor deposition and dispersion of both dry and wet
soil on footwear. Here, we used a direct soil mass deposi-
tion and recovery method. Unlike indirect tracing tech-
niques, which focus on a specific exogenous component of
the medium, such as those that use a fluorescent tracer
(e.g., Cannell et al., 1987) our approach reports on actual
particle dispersal and is not particle size or density depen-
dent. Like other tracing methods, our approach is limited
by the amount of material that can be measured after
deposition (the method detection limit). The dust recovery
method we have used is limited by the mass of material that
can be detected gravimetrically on the collection medium.

In addition to dry soil, wet soil track-in was assessed

as it is recognized that indoor floor dust loadings can

increase in wetter weather conditions due to wet dirt and
soil track-in (Al-Radady et al., 1994; Petrosyan et al.,

-2006), and this effect may account for elevated indoor

loadings in winter months in regions with cold wet condi-
tions without continuously frozen, snow-covered, ground
(Laxen et al., 1988). Even in regions with significant snow
seasons, at wet transitional times (preceding and succeed-
ing the winter moths) indoor loadings can increase due to
wet soil and dust track-in, which may even occur during
the winter months due to contaminated snow track-in
(Yiin et al., 2000). All of the tests in this study involved
unrestricted transfer in that once soil was adhering to a
shoe’s sole no initial efforts were made to reduce the soil
loading (e.g., by wiping on an entrance mat). The study
also examined the effect of different sole types on deposi--
tion and dispersal (smooth versus tread pattern soles). In
addition, we evaluated the relative effectiveness of dif-
ferent, mechanical removal mechanisms, by comparing
vacuum (cleaner) removal with brushing and wet wiping.
The flooring surface of choice in this study was typical
hard surface viny! floor tiling. -

2. Materials

~ Tracking experiments with wet and dry soils employed
sub-samples of a composite surface soil from Syracuse,
NY. This composite soil consisted of an amalgamation of
over 150 samples of urban yard soil collected during a
previous investigation (Johnson and Bretsch, 2002). As
79% of the U.S. population reside in urban areas (U.S.
Census Bureau, 2000), it was deemed appropriate to use a
representative urban soil to investigate soil track-in
processes. Prior to use, the composite soil was air dried,
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ground, and screened through an 85 pm nylon mesh. For
the wet soil tracking experiments, the soil was prepared as
a slurry. A wet-mud-like consistency for the soil was
achieved after several tests. A mixture of 2 g of test soil
and 2 ml of water produced a wet paste with a non-
"pourable consistency. This volume-to-mass ratio was used
for each wet soil track test.

Deposition tests involved two (shoe) sole types: a

flat, smooth leather sole and a rubber sole with a fine .

tread (U.S. size 11). Both sole types were used in both

the wet and dry soil tracking tests to identify any major -

variations in.soil retention by such different sole types.
The tests were conducted with 12”x 12" Armstrong®
viny! floor tiles. In no test was the same tile set used
more than once. ' )

The mass of soil deposited in each experiment was
determined gravimetrically. Deposited soil recovery-for
mass determinations was either by wet-wiping, vacuum-
ing or brushing. These removal methods were chosen to
provide some comparison of the likely efficiency of clean-
up methods typically used to remove deposited surface
dust from residential flooring. Wet wiping of tile surfaces
employed commercially available Ghost Wipes®. These
wipes, each consisting of 15 cmx 14 cm squares of cross-
linked polyvinyl alcohol material, meet all ASTM E1792
specifications for sampling materials for Pb in surface
dust and OSHA Methods ID-125G. Wet wiping is prob-
ably the most widely used method of sampling indoor
surfaces for dust borne contaminants (e.g., HUD, 2001).
Here, wet wiping removal of material from a tile surface
was accomplished by following a modified version of the
ASTM E1728-02 wiping methods. The same pattern of
surface wiping was used across the entire surface of a tile
butrepeated until the tile surface visually appeared free of
deposited soil, In some instances (depending on the test or
the loading of deposited soil), multiple wipes were used
on an individual tile. To determine the mass of soil re-
covered, each wipe was initially dried overnight at 60 °C,
set aside to equilibrate in the lab for a minimum of three
days, and then pre-weighed. Prior to wipe recovery each
wipe was wetted with distilled water and after sampling
was again dried and weighed. The laboratory dry and wet
bulb temperatures were measured during pre- and post-
sampling weighing and a relative humidity correction
factor was applied before determining the recovered soil
mass by difference. Vacuum removal of dust employed a

non-commercial test vacuum cleaner. This employed a

modified General Electric vacuum cleaner motor . and
blower assembly (Model AVF28) with dust collection fol-
lowing the method of Wait et al. (1983) using a pre-
weighed Whatman 25 mmx 80 mm single thickness ex-
traction thimble (nominal pore size ~ 10 pum). A 1/2” Bel

| Art tubing connector “T” with an inlet ~3.5 mmx 62 mm

with a face velocity of ~ 225 cm per second was used as the
nozzle for sampling. Brushing removal was accomplished
using a hand-held, stiff bristle brush. A stiff bristle hand-

. brush was chosen to affect the most complete (mechanical)

removal of dried soil from the tile surface, Brush removed
soil was collected on pre-weighed glassene paper. Brushing
was continued until no more soil could be removed from
the tile. '

3. Methods

The wet soil deposition tests were designed to simulate
the immediate indoor shoe-to-floor transfer of wet soil
from a single ingress event. These tests were conducted
with eight floor tiles. The tests involved the application of
a (subsequently) known mass of wet soil to the sole of a
test shoe, Each shoe was then walked across four tiles. At
the start of a test the wet soil (prepared in a mixing bowl)
was pasted evenly by spatula over the entire toe area of a
shoe sole. The wet soil was not applied to the heel or the
instep of the shoe. To assess the mass deposition per tile in
each test approximately 2 g of wet soil was prepared for
application to the shoe sole. Following each test, any soil
that remained in the mixing bowl was recovered to
determine the mass of soil not applied to the shoe sole. In
addition, any soil adhering to the. sole of the shoe on
completion of the test was washed off and filtered through
a pre-weighed Whatman qualitative filter. The mass of
filtered soil was determined following overnight drying
and room temperature equilibration. With the exception of
two track tests, deposition was initiated immediately after
the wet soil was applied to the sole of the shoe. In the final
two tracking tests (with smooth soled shoes), the wet soil
was allowed to dry on the sole for approximately one
minute until the wet sheen on the wet soil vanished. The
wet deposition test was replicated eight times (twice with
each sole type).

The dry soil deposition tests were conducted with

two sets of five tiles that provided separate deposition

surfaces for right and left shoes. For each single track-in
test approximately 10 g of soil was evenly spread across
a plastic tray simulating an exterior source of dry friable
soil. At the start of each test both right and left shoes
were pressed (under the weight of the tester) into the test
soil to acquire a coating of dry soil on the sole and heel of
each shoe. After this one-time coating of the soles, each
shoe was trodden in sequence on each of the assigned
five tiles. Following each test, any soil adhering to the
sole of the shoe was washed off and filtered through a
pre-weighed qualitative filter. The mass of filtered soil
was determined following overnight drying and room
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temperature equilibration. The dry deposition test was

~ replicated four times (twice with each sole type). Soil

recovery from tiles was accomplished by both wet wiping
(following track-in tests using smooth and treaded soles)
and vacuum removal (after the other smooth and treaded
sole track-in tests).

To assess the spatial distribution of track-in dry soil
following multiple tracking events with multiple incur-
sions of dry soil, a similar experimental set-up as the
single track-in of dry soil test was employed. The test
was designed to simulate the repeated tracking across a
tile floor room following multiple introductions of soil
on footwear from the outdoor environment. A pristine
set of one hundred pre-cleaned floor tiles was arranged
in five adjacent/touching columns of twenty tiles. The
center column of 20 tiles was designated the primary
deposition (“walk-on”) surface that was traversed by the
tester. The columns of tiles on either side served as a
deposition surface for dry soil laterally displaced during
the tracking tests. The tester did not come into contact
with these adjacent tiles during the experiment, and con-
siderable care was taken to confine foot placement within
the tile area and to accurately replicate the designated step
sequence throughout the experiment. The initial test soil
sample (approximately 10 g) was spread across a plastic
tray large enough to accommodate the test footwear. At
the start of the experiment the tester stood on the tray and
ground the sole of the shoe into the dry soil to simulate
collection of dry soil of the shoe in the outdoor environ-
ment, The test then involved the tester walking along the
center column of tiles, alternating between tiles with each
footfall. In the first pass (forward), the tester trod on 10
tiles (5 right and 5 left footfalls). An alternate step pattern
was employed that involved a right then left foot sequence
with infervening tiles stepped over (to simulate a natural
stride pattern). At the end of the first forward pass the
tester pivoted on tile 20 and then made a return pass
stepping on the alternate tiles not stepped on during the
forward pass. At the end of the return pass, the tester

“pivoted on the first tile then repeated the forward pass.
Each forward and return pass was repeated 10 times.
Upon completion of the tenth return pass approximately
1 g of dry soil was added to the initial soil reservoir, and

the tester once more stepped onto the soil and ground the -

footwear into the soil. The 10 forward and 10 return pass
sequence was then repeated. In all, this operation was
repeated five times with intervening soil pick-ups on each
occasion. On completion of the test, the soil on each of the
100 tiles was recovered using separate Ghost wipes (two
wipes were used for each of the center “walk-on” tiles).
Following gravimetric analysis of the Ghost wipe
samples recovered from the multiple tracking, the wipes

(120, plus 18 blank wipes) were subject to wet ashing
and subsequent element analysis by inductively coupled
plasma optical emission spectroscopy (ICP-OES). The
acid digest involved adding 5 ml of concentrated nitric
acid and 5 ml of distilled water to each wipe followed by
boiling to dryness. Each sample was then re-suspended
with 20 ml of 10% nitric acid and 5 ml 0f 30% hydrogen -
peroxide and heated for a further 20 min. Samples were
gravity filtered throngh VWR® 410 qualitative filters and
made up to 25 ml volume with 10% nitric acid. Element
concentrations were measured on a Perkin Elmer Optima
3300DV OES instrument, Calibration and quality control
standards (10% of the analytes) were made up from com-
mercially available primary standards. Element data was
recorded as tile loadings (quantity of element obtained
from each tile) following the subtraction of the (average)
blank wipe value from each test wipe value. An element
detection limit was set at three times the standard deviation
of the blank wipe values. At this level of detection, several
of the measured elements (Cu, Zn, Ba, Ca) were only
reportable for the wipes from the “walk-on” column of
tiles, and were not subsequently included in the summary
results.

The individual particles in the test soil were character-
ized by automated scanning electron microscopy (SEM)
and X-ray energy spectroscopy (EDX). This technique
provides data on the size and elemental composition (X-
ray spectral data) of a statistically significant number of
microscopic particles in a sample. This analysis was
carried out using an ETEC Autoscan SEM operating in
tandem with a Advanced Research Instruments (ARI)
AutoSEM Image Analysis System and a Kevex 7500 X-
ray Spectrometer (Johnson, 1983). During the analysis, 16
elemental regions of interest and 32 background regions
for net X-ray relative intensity cornputations were as-
signed within the X-ray spectrum. The fraction of indi-
vidual particle mass contributed by the detected elements
was defined by the X-ray relative intensity times the
estimated particle volume (assumed to be a prolate ellip-
soid rotated about the long axis). This was weighted by
the common molecular form of occurrence for each ele-
ment in the soil (Johnson et al., 1981).

4. Results

In the wet soil deposition tests, between 1.5 gand2 g
of soil was consistently applied to each sole (Table 1).
The subsequent track-in tests demonstrated that the
amount of wet soil deposited from the shoe soles de-
creased with each successive step. Recovery of soil mass
from each successive tile in each experiment revealed a
consistent deposition pattern. This is illustrated in Fig. 1,
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Table 1
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Mass of wet soil applied to shoes and subsequently deposited onto test
tiles during the tracking tests .

Track test Track-in soil mass (in grams) distribution
Mass on  Mass Mass left
sole deposited on shoe

Treaded sole  Right 1922 0.507°%, 0699 0.716 (37.3%)

vacuum (26.3%, 36.4%)
removal Left 1.541 0.419% 0.492°  0.629 (40.8%)
(27.2%, 31.9%)
Treaded sole Right 1.634 0.454",0.620°  0.561 (34.3%)
vacuum (27.8%, 37.9%)
removal Left  1.677 0.408°, 0.524°  0.746 (44.5%)
(24.3%, 31.2%)
Smooth sole  Right 1.537 0.957°,0.154°  0.426 (27.7%)
brush (62.3%, 10.0%)
removal Left 1.645 0.815% 0.242°  0.588 (35.7%)
(49.5%, 14.7%)
Smooth sole  Right 1.632 0.305°% 0259  1.068 (65.4%)
brush ) (18.7%, 15.9%)
removal Left 1.676 04875, 02170 0.972 (58.0%)
(29.1%, 12:9%)
Mean 1.658 0.945 0.713 .
(range) (1.541- (0.564-1.206)  (0.426-1.068)
1.922) :

" Soil mass initially removed from tiles by vacuuming,
® Soil mass recovered by wet wipe from tiles following vacuum

removal,

¢ Soil mass initially removed from tiles by brushing.
¢ Soil mass recovered by wet wipe from tiles following brushing

removal.

which plots the percentage of the total applied mass on
each sole that was subsequently deposited on each of 4
successive tiles. By the fourth tile only a small amount of
the wet soil initially adhering to the sole was deposited.
Despite this rapid drop off in the mass of wet soil
deposition it is clear that a substantial proportion (be-
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tween 34 and 65%) of the initially applied wet, but
rapidly drying or dry soil, remained on the sole after the
four steps (Table 1). Presumably, under real world con-
ditions, some fraction of this adhering soil would sub-
sequently be removed with further drying and flexing of
the sole or by abrasion with other types of surface (e.g.,
carpeting). From Fig. 1 it appears that, irrespective of
shoe sole type (smooth or treaded), unless the soil has
dried on the sole (Fig. 1g and h), approximately the same
amount of the wet soil mass applied in éach experiment
was deposited at the first step. The observed differences in
the first step deposited masses were only apparent when
the applied wet soil was allowed to dry slightly. These
variations in percentage of soil mass deposited became
less. pronounced at the second step. At the second, third
and fourth steps the differences in percentage of soil mass
deposited differed minimally between experiments.

In the four dry single track-in deposition experiments
variable masses of soil were picked-up on the test shoes.
Based on the sum of the soil masses recovered from the
tiles and from the soles of the shoes (on completion of the
tracking), approximately 0.72 g (range 0.39-1.03 g) of
dry soil was picked up by each shoe (Table 2). Between
34 and 86% of the picked-up mass was deposited from
each shoe across the test tiles, The rate of deposition on
each tile is represented graphically in Fig. 2. In each test,
the amount of dry soil deposited decreased on successive
tiles. In each test by the last tile (fifth in the sequence)
less than 10% of the total deposited mass was left on the
tile. However, the rate of deposition differed between -
sole types. Dry soil retention on the smooth soled shoes
(Fig. 2e, T, g, h) was, perhaps counter-intuitively, greater
than that of the treaded soles.

Soil mass recovery from the dry soil repeat tracking
test (simulating repeated tracking interaction after repeat

)

Tread2 . Smooth1 Smooth1 Smooth2 Smooth 2
Lt. shoe

Rt.shoe Lishoe Rt.shoe Lt shoe

Individual tracking tests by shoe sole type

Fig. 1. Wet soil deposition following tracking across a sequence of four floor tiles (tile : 7 tile 2: [, tile 3: B, tile 4: [[) following duplicate pick-ﬁp
tests for both right (Rt.) and Left (Lt.) treaded (a, b, ¢, and d) and smoqth soled (e, f, g, and h) shoes.




A. Hunt et al. / Science of the Totq[ Environment 370 (2006) 360-371 365

Table 2
Mass of soil picked-up on shoes and subsequently deposited onto test
tiles during the dry-soil tracking tests .

Track test Track-in soil mass (in grams) distribution
Mass Mass Mass left
picked-up  deposited on shoe

Treaded sole Right 0.664 0.562 (84.8%) 0.102 (15.2%)

wipe Left 0.805 0.688 (85.5%) 0.117 (14.5%)
removal

Treaded sole Right 0.726 0.515% 0.017" 0.194 (26.7%)

vacuum (70.9%, 2.3%)

removal Left 0431 0.262, 0.012
(60.8%, 2.8%)

Smooth sole Right 1.034 0.759 (73.4%) 0.275 (26.6%)

wipe Left  0.832 0.525 (63.1%) 0.307 (36.9%)
removal
Smooth sole Right 0.386 0.153,0.010 . 0.223 (57.8%)
vacuum (39.6%, 2.6%)
removal Left 0.871 0.373,0.012  0.486 (55.83%)
- (32.8%, 1.4%)
Mean 0.719 0.486 0.233

(range) (0.39-1.03) (0.16-0.76)  (0.10-0.45)

* Soil mass initially removed from tile by vacuuming.
b Soil mass recovered by wet wipe from tile following vacuum
removal,

contamination events) demonstrated a decrease in depo-
sition with tracking progression across the sequence of
tiles (Fig. 3). However, the reduction in deposited soil
mass with tracking distance was far less marked than in
the case of the single track of dry soil. In no instance was
the mass of soil on the last tile in the sequence less than
25% of the mass deposited on the first tile in the “walk-
on” tile sequence. Measurable soil mass was also re-
covered from the column of tiles immediately adjacent
to the primary deposition column, but not from the two
distal columns of tiles. Of the deposited soil mass (re-
covered from the central 60 tiles), approximately 9% was
recovered almost equally from each of the two columns

;Q‘ 454

= 40

= v

3 354 ?

E 301 ?

@ 25 ?

g 204

= 7

3 %17

2 7

= 10 %

g ;) ¢

g 31
Tread1 Tread1 Tread2
Rt.shoe Lt.shoe Rt shoe

0.157 (36.4%)

Lt. shoe

of tiles adjacent (at left and right) to the center column
(Fig. 3a and c). The bulk of the deposited soil mass
(82%) was recovered from the “walk-on” tiles (Table 3).
This recovery process did not account for all the soil
dispersed across the testing surface; it is likely that dis-
coloration of the wipes from the tiles on the periphery
represented additional soil dispersion even though the
mass could not be detected gravimetrically. Some indica-
tion of the lateral dispersion onto these peripheral tiles
was provided by the compositional data from the chemi-
cal analysis of the tile wipes. Summaries of the tile
loadings for the elements Fe, Mn and Pb are set out in
Table 3. Major soil elements such as Si and Al have not
been reported because of limited mobilization by the
nitric acid digest, and data for other more available
elements (e.g., Zn and Cu) have not been included be-
cause of high blank wipe concentrations. The individual
element loadings along the central “walk-on” tiles showed
the same distribution as the soil mass deposition (Fig. 3b).
The lateral distribution of the element loadings across the
tiles was also similar to the soil mass distribution. Of the
total tile loading, approximately 90% was from the center
column of “walk-on” tiles, 4% was from the two imme-
diately adjacent columns of tiles, and 1% from the two
peripheral columns of tiles. The averaging of the tracked
soil mass along the primary deposition tiles in addition to
the marked lateral distribution of the soil mass along the
rows of tiles strongly suggests that the repeated stepping
on the tiles led to extensive spatial re-distribution of the
soil. The element loading findings of measurable distal
lateral deposition confirmed marked sideways dispersion
of the (potentially hazardous) soil components. The
difference in soil mass and element loading distribution
may be attributed to differences in the particle size asso-
ciations of the different elements. Based on automated
SEM analysis of particles from the <85 um Syracuse test
soil (Table 4), the abundance of Si was found to increase

Tread2 Smooth1 Smooth1 Smooth2 Smooth 2

Rt.shoe Lt.shoe " Rt.shoe Lt shoe

Individual tracking tests by shoe sole type

Fig. 2. Dry soil deposition following tracking across a sequence of five floor tiles (tile 1.7, tile 2: |, tile 3: &, tile 4: [, tile 5: [) following duplicate
pick-up tests for both right (Rt.) and Left (Lt.) treaded (a, b, ¢, and d) and smooth soled (e, f, g, and h) shoes.
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Adjacent tiles at left a.

Center “walk-on” tlles b

LB2

TN s
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V2277 Res

2277 7+

Adjacent tiles at right
]

Tile Row

Fig. 3. Percentage mass deposmon on repeat tracking tiles (b) following multiple incursions of dry soil and on neighboring tiles to the left (a) and nght

(c) of the trackmg tiles (R = right shoe, L

with increasing particle size while that of Al, Fe, Mn, and
Pb increased with decreasing particle size. We ascribe this
to a dominance of quartz grains among the larger particles
and a greater association of the other elements with the
smaller (clay sized) soil particles. While data was not
available on tile Si loadings, nor on the size of particles
recovered from the tiles, we posit that the finer soil
particles were likely more readily distributed away from
the primary deposition tiles than the coarser soil particles.
Under the experimental conditions in this study with a

' test vacuum cleaner that did not employ a brush, vacuuin
removal of initially deposited wet soil, but subsequently

Table 3

= left shoe, F = forward, B = back, T = turn)

dried in situ, was less effective than the hand brush.
Vacuum collection only removed approximately 50% of
the deposited mud (Table 1). Vacuum cleaner removal
relied largely on mechanical agitation with the vacuum
head to dislodge the dried soil. This mechanical breakup
was less efficient that the brush removal of the soil. The
vigorous brushing of the dried soil removed much more
from the tile surface; however, after brushing approxi-
mately 15% of the soil still adhered to the surface. Vac-
uum cleaner removal of dry deposited soil was much more
effective and in no instance was more than 3% of the soil
mass left on a tile following vacuuming (Table 2). In

Tile soil mass and element loadings for soil deposited in situ and distributed laterally onto test tiles during the repeat dry-soil tracking test

Test tiles

Soil mass and select elements debosited (%)

Soil mass (%)
[tile range]

Fe loading (%)
[tile range]

Mn loading (%)
[tile range]

Pb loading (%) .
[tile range]

Columnn at far left ND*

7.78 ug (0.9%) 248 ug (0.5%)"

Column at left

Center tiles (walked-on)

Column at right

Column at far right

0.231 g (9.0%)
[0.007-0.024 g]
2.101 g (81.8%)
[0.049-0.185 g]
0.237 g (9.2%)
[0.007-0.025 g]
ND

0.283 mg (0.9%)
[0.008-0.017 mg]
1.340 mg (4.1%)
[0.027--0.155 mg]
29.516 mg (90.2%)
[0.958-2.652 mg]
1.263 mg (3.9%)
[0.027-0.139 mg]
0.328 mg (1.0%)
[0.009-0.023 mg]

[0.23-0.53 pg]
37.12 pg (4.2%)
[0.74-3.62 pg)
784.23 pg (89.7%)
[24.92-68.43 pg)
3570 pg (4.1%)
[0.23-0.53 pg]
9.26 pg (1.1%)
[0.25-0.70 pg]

[<0.31-0.41 pg]
20.16 g (4.2%)
[0.31-2.28 pg]
436.86 g (90.9%)
[13.91-38.16 pgl
20.34 pg (4.2%)
[0.36-2.25 pg]

3.1 ug (0.7%)°

[0.32-0.51 pg]

* None detected (ND).

5 Sum of loadings from 8 of 20 tiles with Pb = detection limit of 0.31 g per tlle.
¢ Sum of loadings from 7 of 20 tiles with Pb = detection limit of 0.31 pg per tile..
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Table 4

Select element percentages for size fractions of <85 pm Syracuse test
soil based on automated scanning electron microscopy analysis (at
70x) of individual soil particles

Particle Number of  Element percentage per size fraction
size particles . ; Al Fe  Mn Pb
>32 um . 53 3193 357 391 015 0.06
16-32 pm 264 27.60 406 468 016 0.06
8-16 pm 1251 2570 525 624 022 0.08
4-8 um 1620 2485 633 673 020 011
1-4 um 88 23.00 633 685 026 0.13

 Area equivalent diameter of the particle projected image.

contrast, wet wiping, which was used as either the primary
deposited soil recovery method, or as a follow-up to
vacuum or brushing removal, visually appeared to be the
most successful of the recovery methods. However, the
wiping protocol that was used, which was developed for
applications such as clearance testing (to assess dust
contamination levels after removal of indoor Pb-based
paint) and sampling, is not completely suited for wipe
clean-up. This was evident from the need to use multiple
wipes on the heavily contaminated wet soil deposition
tiles. Heavy loading on the individual wipes required the
use of two or more wipes per tile to effect complete
removal of the generally greater than half a gram of soil
per tile remaining afier vacuuming (Table 1).

5, Discussion

The data from the wet soil deposition tests suggest
that the deposition of wet soil occurs relatively rapidly
upon the initiation of tracking. Wet mud on the shoe
soles no longer posed an immediate deposition hazard
after 5—6 steps across a deposition surface. This implies
that mud tracking after the initial ingress into an indoor
environment is spatially limited. Interestingly, a sub-
stantial amount of soil (typically equivalent in mass to
that deposited at the first step) was still adhering to the
shoe at the completion of the test. While this mass was
no longer subject to immediate deposition, under real
world conditions it may pose a deposition/exposure risk
at some later time in the indoor environment.

Results from the single ingress dry soil track-in tests
indicate that the transfer of dry soil onto the soles of
shoes is limited. Typically no more than 1 g of dry soil
was picked-up irrespective of the sole type. However,
the rate of post pick-up deposition varied between sole
types. In these tests, a greater proportion of the adhering
dry soil was rapidly lost from the treaded sole. Irre-
spective of the irregular deposition pattern between sole
types by the last test tile, less than 10% of the pick-up

mass was being deposited. However, a significant por-
tion of the pick-up soil was retained on the sole after the
initial incursion and this fraction will inevitably be
deposited at some subsequent point. The rapid deposi-
tion of most of the dry soil mass suggests that during a
single track-in incursion most of the adhering soil is laid
down close to the point of ingress. In terms of impeding
contamination of the indoor environment early trapping
of sole-bound soil is likely to be highly effective.

The rates of deposition observed here in the single
track-in tests on hard surface flooring are consistent with
those observed elsewhere. Cannell et al. (1987), using a
fluorescent tracer to assess mass deposition during in-
door tracking, similarly found that within 4—5 steps after
ingress mass transfer from footwear was complete. The
rapid deposition upon the initiation of tracking observed
here for hard surfaces has similarly been found in studies
with carpeted surfaces (Cannell et al., 1987; Roberts et
al., 1996). However, in these latter studies it appears that
the loss of adhering soil mass to carpeting happens more
immediately (within 2—3 steps).

The soil mass distribution resulting from multiple
soil incursions in association with repeated tracking is
very different to the pattern produced by the single dust
incursion followed by a single track-in. The multiple
tracking exercise produced substantial dispersal of soil
across the contact tiles. The less marked (although still
obvious) trend in the reduction in the amount of dry soil
deposited across the tile progression likely reflected a
forward distribution (along the tracking path) of the soil
following repeated soil pick-up and drop-off events.
This re-entrainment phenomenon is an important mass
transfer process. Soil mass recovery, and element load-
ings, from the columns of (not trodden on) adjacent tiles
attest to a resuspension process that caused an aerosol-
ization and lateral dispersion of the dry soil. From such a
lateral distribution it is not unreasonable to conclude that
the process also produced a degree of backward and
forward re-distribution. This probably accounted for the
increase in deposited mass at the end of the tile sequence
(spreading from the tiles at the beginning of the se-
quence), and likely added to the averaging of the de-
posited soil across the tile sequence.

The dominance of soil mass deposition along the
main tracking path reinforces observations made else-
where of the importance of high traffic areas indoors as
sites of elevated dust contamination (e.g., Allott et al,,
1992). Thatcher and Layton (1995) found that dust mass
accumulation on frequently tracked areas of flooring in a
residential property far exceeded the accumulation on
untracked areas. Their study also found that mass ac-
cumulation on tracked areas at locations remote from the
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property entrance (on the second story) was also less.
Similarly, Nishioka et al. (1999), in a study aimed at
measuring indoor levels of herbicide 2,4-Diclorophenox-
yacetic acid after a lawn application, found that the levels
indoors usually followed a gradient (with a maximum at
the entrance) that matched the traffic pattern through the
home that the residents followed when entering from
“outdoors.

Soil clean-up success differed markedly between pro-
cedures; Brushing and vacuum cleaner removal of (wet
deposited) dried soil were clearly less effective than wet
wiping, Neither aggressive brushing, nor agitation with
the vacuum head, provided sufficient mechanical abrasion
to dislodge all the “dried-on” soil. In contrast, vacuum
cleaner removal of dry deposited soil was much more
effective than vacuum removal of in situ dried soil. How-
ever, the adhesion forces binding the dry deposited soil
particles to the tile surface were sufficient to retain a mea-
surable amount of soil mass. Vacuum collection can be
highly variable depending on the method and the media
conditions (Byrne, 2000). '

Wet wiping was viewed here as the most effective
clean-up method; however, it was found not to be totally
efficient. Visual inspection indicated that wet wiping
was successful at collecting the soil adhering to the tile
surface, but additional microscopic examination dem-
onstrated that dust recovery was not complete. This is
illustrated in Fig. 4, which documents the microscopic
appearance of a pristine and cleaned tile surface after an
initial deposition of wet soil (Fig. 4a), and then after
multiple (ten) depositions of wet (slurry) soil with inter-
vening wet wiping (Fig. 4b). In this test wet soil was
repeatedly deposited by pipette onto the tile surface,
allowed to dry, and then wet wipe removed (until the
surface was visibly clean). It is apparent that despite wet
wiping many small particles are present on the tile surface
atthe end of the test. The difference in particle size between
the initial deposited soil and the post wiping residue
suggests that the smaller soil particles have been
preferentially retained on the tile surface. This may be a
function of size selective wipe removal (i.e., wet wiping
favoring coarse particle pick-up), and/or micro-topography
trapping, During the wiping process, some of the surface
particles may have been too small to be picked-up by the
wipe; however, the appearance of the post wipe surface
strongly suggests that the majority of retained particles are
trapped in micro-scale crevices. It may be the case that
particle retention under these test conditions was facilitated
by the wiping process. The obvious surface asperities on
the post-wiping tile, which were not present on the initial
deposition tile, is suggestive of tile surface modification

(forming wrinkling) during repeated wetting and drying.

Fig. 4. Electron micrographs of contaminated tile surface after initial

‘'soil particle (bright objects) deposition (a) and following wipe removal

of soil after several deposition-events (b).

Vacuum cleaner removal of floor dust, particularly
for soiled carpeting, has been recommended by various
studies (Roberts et al., 1999; Yiin et al., 2002). The post-
vacuuming surface retention of soil mass as described
here is consistent with the results of trials aimed at
reducing Pb dust loadings on hard flooring surfaces in
residential properties. Rich et al. (2004) found that using
vacuum cleaner removal of floor dust with follow up
detergent and water cleaning resulted in an incomplete
removal of the surface Pb content, confirming the re-
sistance of dust to complete removal. Surface dust
retention may also in part account for the “multiple
sources of sample loss” attributed to vacuum sampling
(Farfel et al., 1994).
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6. Conclusions

Single incursions into the indoor environment of wet
or dry soil adhering to footwear appear to lead to heavy,
yet fairly limited, spatial contamination of hard surface
flooring. With most of the deposited test soil being set
down within the first 5 strides, initial soil contamination
is likely to be limited to an area within 7-8 m of the
entrance (given an average stride length of approximate-
ly 1.5 m). Despite such initial deposition, soil that re-
mains adhering to the footwear may be substantial, and
the potential exists for subsequent significant soiling
elsewhere indoors following other removal events.

Repeated tracking of dry soil across hard flooring
surfaces leads to a substantial re-distribution of the soil
across the surface. This process clearly has the ability to
create widespread contamination of the indoor environ-
ment. This will occur not only by repeated soil pick-up
and deposition during the tracking process, but by a
process of lateral displacement. The mechanical inter-
action between footwear, soil, and flooring that leads to
soil aerosolization and lateral re-distribution results in
distal parts of a floor, that are not directly affected by the
track-in activity, becoming contaminated.

Track-in simulations furnish data on the quantities of
soil conveyed indoors upon initial ingress. Estimated
deposition rates provide basic inputs for indoor exposure
models, and dose calculations. However, the magnitude
of external soil contributions may be modulated by any of
a number of factors. The number, age structure, and habits
of the occupants are important modifiers. Similarly, dif-
ferences in floor covering, variations in activity patterns,
and the frequency and effectiveness of the cleaning prac-
tices, are important controls on subsequent indoor re-
distribution. Tt is anticipated that in our future work the
impact of such variables will be addressed. Based on this
pilot study, before-and-after simulations are envisioned
that factor in the movement of children (in specific age
ranges), and adults engaged in unrestricted movements
within mock-up residential spaces. ‘

The clean-up of dry and wet deposited soil from hard
surface, flooring appears to be more effectively accom-
plished using wet wiping methods rather than mechanical
removal (e.g., by vacuuming or brushing). However; none
of the tested removal techniques seems capable of fully
eliminating all post-deposition residual soil particles.
With some soil particles retained in situ after removal
efforts, in some instances an un-recognized post-cleaning
exposure threat may remain on hard surface flooring.
Such a hazard is probably of most concem in situations
where the exposure risk is direct, such as in the case of
crawling infants with repeated hand contact with the floor.

In some circumstances the problem may be compounded
by the size selective nature of clean-up removal. It is
recognized that detachment forces, of the type involved in .
vacuum removal, are dependent on particle mass, and that
smaller particles exhibit greater resistance to removal
(Corn,-1961). So, the enrichment of a pollutant in the
finest particle sizes, which is the case for many metals in
soils (e.g., Spittler and Feder, 1979; Dong et al., 1984;
Qian et al,, 1996), and for pesticides in indoor dust
(Fortune et al., 2000), may lead to an elevated surface
loading. This would be facilitated by the preferential
track-in of finer sized soils and dusts (Allott et al., 1992).
An obvious concern is that repeated cleaning may lead to
a pollutant build-up, and any received dose will not be
diluted by a coarse particle component because coarse
material has been preferentially removed with cleaning.
Moreover, the risk would possibly be exacerbated by the
fact that finer sized particles are more likely to adhere to
the hand (Driver et al., 1989). '
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